Abstract Viola uliginosa Besser is a European violet having its main distribution range in the Baltic Sea region. Today it is considered endangered and threatened. Species of Violaceae from different genera and sections are known to produce cyclotides, cyclic polypeptides of much interest due to their medicinal properties and chemical structure. TDZ. Shoots were rooted on MS with 2 % sucrose and 0.5 mg l -1 IBA and acclimatized. AFLP marker polymorphism was low but flow cytometry revealed that a large share of the obtained regenerants were tetraploid (2C = 4x = 2.7-2.8 pg), unlike the maternal diploid plants (2C = 2x = 1.4 pg). Eleven different cyclotides were distinguished in the aerial parts of maternal plants. Cyclotide production was significantly higher in tetraploid than in diploid plants regenerated in vitro.
Introduction
Viola uliginosa Besser, the swamp violet, is a European species having its main range of distribution in the Baltic Sea region. The species is declining throughout its range. In many countries (e.g. Poland, Germany, Sweden, Russia) it is considered endangered or even threatened with extinction (Baryła and Kuta 2001; Ingelög et al. 1993; Gärdenfors 2005; Korneck et al. 1996; Kotiranta et al. 1998; Ryttäri and Kettunen 1997; Stoltze and Pihl 1998) . Viola uliginosa was originally described in 1809 by Besser from Rząska near Cracow, Poland (Locus classicus), and was thereafter identified at several localities in southern Poland (Baryła and Kuta 2001; Krawczyk et al. 2008) . The high genetic uniformity of the locus classicus population, due to clonal propagation and population shrinkage, is a factor in its endangerment (Cieślak et al. 2006) .
Culture of plants in vitro is increasingly used for biodiversity conservation, especially for rare endemic species, and is also an important component of plant genetic resource management (Pence 2013 and references therein; Sarasan et al. 2006; Thorpe 2007) . Somaclonal variation induced by culture conditions limits the use of in vitro micropropagation, as it leads to changes in nuclear and cytoplasmic genomes and causes genetic differentiation of regenerated plants (D'Amato 1991; Larkin and Scowcroft 1981 ; Lee and Phillips 1988; Neelakandan and Wang 2012; Rodriguez-Enriquez et al. 2011; Vazquez 2001; Wang and Wang 2012) . Confirmation of the genetic identity with maternal material, and the genome size and reproductive normality of regenerated plants, is required before reintroduction (Nybom et al. 2014; Ochatt et al. 2011; Singh et al. 2013; Thiem et al. 2013; Thiem and Sliwinska 2003) . Molecular markers are valuable tools for detecting the sequence variation of closely related genomes such as those between source plants and somaclones regenerated through tissue culture. Molecular marker systems-random amplified polymorphic DNA (RAPD), inter-simple sequence repeat (ISSR), simple sequence repeat (SSR), amplified fragment length polymorphism (AFLP) and restriction fragment length polymorphism (RFLP)-each having its advantages and limitations, are used to estimate somaclonal variation in tissue culture (Bairu et al. 2011; Nybom et al. 2014; Rewers et al. 2012; Singh et al. 2013) . Flow cytometry for somaclone genome size assessment can be used to complement molecular marker analyses (Bairu et al. 2011; Ochatt et al. 2011; Rewers et al. 2012) .
On the other hand, somaclonal variation can lead to new intraspecific forms with unique traits affecting the quality and quantity of the primary and secondary metabolites they produce. The most valuable forms can then be selected and used to establish large-scale culture systems (suspension cell culture or organ culture in bioreactors, or as regenerated plants) for production of those compounds (Ahmad et al. 2013; Bourgaud et al. 2001; Rout et al. 2000) .
Plants of the Violaceae family are known for their expression of cyclotides (Burman et al. 2014) . The chemistry and biology of this unique family of ribosomally produced plant peptides are of interest to numerous researchers (Arnison et al. 2013) . Cyclotides have a headto-tail cyclic peptide backbone and three disulfide bonds arranged in a cystine knot (Craik et al. 1999; Rosengren et al. 2003) . They are expressed as complex peptide mixtures in apparently all species of Violaceae; outside of that plant family, cyclotides or cyclotide-like proteins or genes have been found in Rubiaceae, Cucurbitaceae, Fabaceae, Solanaceae and Poaceae (Burman et al. 2014; Gerlach et al. 2013; Nguyen et al. 2013; Poth et al. 2012) . Numerous biological activities have been reported for cyclotides, including uterotonic, hemolytic, inhibition of neurotensin action, anti-HIV and cytotoxic (Burman et al. 2014 ). They are active against different bacteria and insect larvae (Jennings et al. 2005 Pränting et al. 2010 . The insecticidal and antimicrobial activities suggest their role as components of the plant defense system (Craik 2012) .
The unique structure of cyclotides makes chemical synthesis difficult; the most widely used method of obtaining cyclotides in large amounts still is extraction from plant material (Craik and Conibear 2011; Dörnenburg 2010) . This requires large amounts of plant material, as the content of cyclotides in tissues is low and their availability may be limited, especially in the case of rare species. In vitro methods for cyclotide production were developed recently but the study was limited to Oldenlandia affinis (Rubiaceae) (Dörnenburg 2010) .
In this study we apply plant cell micropropagation in vitro for conservation of the rare violet species, V. uliginosa and as a model for cyclotide research in the Violaceae. We developed a protocol for in vitro micropropagation of V. uliginosa, detected somaclonal variation using AFLP molecular markers, and estimated genome size in mother plants and the ploidy level of clones derived from tissue culture. We discuss in vitro culture schemes for cyclotide production and for somaclonal variation-enhanced cyclotide biosynthesis.
Materials and methods

Plant material
Plants from natural site -1 or 1.0 mg l -1 ). The shoots were rooted on MS medium ? 2 % sucrose ? IBA (0.5 mg l -1 ) solidified with agar. Rooted shoots were acclimatized to a sterilized mixture of commercially available soil and perlite (1:1) in a minigreenhouse for 1-2 months and then planted in the experimental plot in Modlnica.
In vitro culture
Sterilization
Petiole and leaves were surface-sterilized by soaking with 70 % ethanol for 60 s, then in ACE commercial bleach diluted with distilled water (1:4) for 12 min, and finally rinsed three times (5 min each) in sterile distilled water. After sterilization the leaves were cut into approx. 0.5 cm 9 0.5 cm fragments, and petioles into 0.3-0.5 cm long fragments. Culture media and tools were autoclaved in a steam autoclave (121°C, pressure 1.05 bar) for 30 min.
Media composition and treatments
Explants were cultured on MS basal medium supplemented with different combinations and concentrations of plant growth regulators (KIN, 2,4-D, TDZ, IBA, all from SigmaAldrich) solidified with 4 g l -1 agar (MP Biomedicals) and supplemented with 30 g l -1 sucrose.
Prior to autoclaving, all media were adjusted to pH 5.7-5.8 using 0.1 N HCl/NaOH. For callus tissue induction, media supplemented with 2 mg l -1 KIN ? 2 mg l -1 2,4-D were used. After 2 months of callusing the explants were transferred to media containing 1 or 0.5 mg l -1 TDZ for organogenesis induction. For direct organogenesis both explant types were cultured on 1 or 0.5 mg l -1 TDZ. Sterile leaf and petiole fragments (initial explants) were placed in medium-filled Petri dishes (10-15 explants per dish) and sealed with Parafilm Ò . All experiments were done in three replicates.
Rooting and acclimatization
Shoots with at least two properly formed leaves were separated from the explants and cultured in 50 ml tubes on solid MS basal medium supplemented with 0.5 mg l -1 IBA and reduced sucrose concentration (2 % w/v). Shoots were cultured on the rooting media for up to 3 months. Well-developed plantlets with 2 or 3 roots were acclimatized to an autoclaved mixture of commercially available soil and perlite (1:1) in a minigreenhouse for 1-2 months. Then the plantlets were transferred to soil in flowerpots and under natural light at room temperature. Finally, hardened plants were transferred to the experimental field in Modlnica.
Culture maintenance
Cultures were maintained in a culture room at constant 25 ± 3°C under a 16 h photoperiod (60-90 lmol m -2 s -1 flux, cool white fluorescent light). All cultures were subcultured every month.
Data analysis
The percentages of explants with callus tissue proliferation/ explants with organogenesis were recorded and the effect of explant type was assessed by applying Fisher's test (twosided p = 0.05) to the corresponding contingency tables.
Histology
To analyze organogenesis type (direct, indirect) and callus structure, material from culture was fixed in 10 % glutaraldehyde for 24 h, rinsed four times in PBS buffer (pH 7.2), dehydrated in a graded ethanol series (15 min each: 10, 30, 50, 70, 96 %) and kept overnight in absolute ethanol. Then the fixed samples were embedded in Technovit 7100 (2-hydroxyethyl-methacrylate) (Heraeus Kulzer), infiltrated in a mixture of absolute ethanol and Technovit
(1 h each: 3:1, 1:1, 1:3 v/v) and stored for 12 h in pure Technovit. Embedded tissues were sectioned 5 lm thick with a rotary microtome (Microm, Adamas Instrumenten), stained with toluidine blue and mounted in Entellan (Merck). Microscopy sections were photographed with a Nikon DS-Fi2 digital camera using NIS-Elements D software.
Flow cytometry
Endopolyploidy determination
Young leaves, petioles (explants for in vitro culture) and different callus types (morphogenic, amorphous) derived from leaf explants were used. Callus samples were harvested after 1 or 2 passages after transfer of callus tissue to organogenesis medium. Samples were prepared as previously described (Thiem and Sliwinska 2003) , using nuclei isolation buffer (200 mM Tris-Cl, pH 7.5, 4 mM MgCl 2 1 9 6 H 2 O, 0.5 % v/v Triton X-100) supplemented with 1.5 % (w/v) PVP-10 (Jedrzejczyk and Sliwinska 2010) and 4 0 ,6-diamidino-2-phenylindole (2 lg ml -1 DAPI) for DNA staining. Five biological replicates were analyzed with a Partec CCA flow cytometer (Partec GmbH, Münster, Germany) equipped with an HBO lamp, using logarithmic amplification. The DAPI fluorescence of 3,000-7,000 nuclei of each sample was analyzed. The proportion of nuclei with different DNA content, the (4C ? 8C ? 16C)/2C ratio, and the mean C-value (mean ploidy; Lemontey et al. 2000) were established. Nuclei having at least 8C DNA content were considered to be endopolyploid.
Genome size/ploidy estimation
Leaf samples of mother plants and in vitro regenerated plantlets (originating from initial screening and the present experiments) were prepared as for endopolyploidy estimation, but DAPI was replaced by propidium iodide (50 lg ml -1 PI) and ribonuclease A (50 lg ml -1 ). Solanum lycopersicum cv. Stupicke (2C = 1.96 pg; Doležel et al. 2007 ) was the internal standard. PI fluorescence was measured in at least 5,000 nuclei of each sample with a CyFlow SL Green flow cytometer (Partec GmbH, Münster, Germany) equipped with a high-grade solid-state laser with green emission at 532 nm and side (SSC) and forward (FSC) scatter. Analyses used linear amplification. The coefficient of variation (CV) of the G 0 /G 1 peak of Viola ranged from 2.66 to 6.98 %. Nuclear DNA content was calculated using the linear relationship between the ratio of the 2C peak positions of Viola/Solanum on a histogram of fluorescence intensities.
Data analysis
Histograms were evaluated using DPAC v. 2.2 (Partec GmbH, Münster, Germany) for endopolyploidy assessment and FloMax software (Partec GmbH, Münster, Germany) for genome size estimation. The mean (4C ? 8C ? 16C)/ 2C ratio, mean C-value (mean ploidy) and mean genome size for explants, calluses and regenerants were statistically analyzed by one-way ANOVA for independent samples and the t test (p = 0.05).
Amplified fragment length polymorphism (AFLP)
DNA isolation
Two or three leaves were collected from mother plants and regenerants, placed in hermetic tubes filled with silica gel (sodium silicate, Sigma) for desiccation, and stored until use. DNA was isolated from approx. 15 mg dried plant material. Extraction was done with the Qiagen Plant DNeasy Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. DNA quality and concentration was roughly estimated by agarose gel electrophoresis and ethidium bromide staining. Extracted DNA was stored at -20°C prior to analysis.
AFLP procedures
Analyses followed the AFLP protocol (Vos et al. 1995) as modified by Ronikier et al. (2008) . EcoRI and MseI were used for restriction digestion of genomic DNA. Selective amplification was performed using three different primer pairs selected after screening for polymorphism, clarity and reproducibility: E-AAC ? M-CAT, E-AGG ? M-CGT, E-ATT ? M-CAT (EcoRI primers were 5 0 -labeled with fluorescent dye 6-FAM). Fragments were separated by electrophoresis on an ABI Prism 3130 DNA sequencer (Applied Biosystems, Foster City, CA, USA) using POP-7 TM polymer, a 36 cm capillary array and GeneScan TM 500 Rox TM as internal lane size marker. Eight samples were duplicated from single DNA isolates and analyzed independently to test marker reliability. To confirm the results from the first analysis we ran another one under the same conditions.
Data analysis
AFLP data files were aligned using the internal standard and manually scored in Genographer 2.1 (http://source forge.net/projects/genographer). Dominant AFLP markers were scored in the 50-500 bp size range and coded as present (1) or absent (0) in a binary data matrix. Only markers unambiguously scoreable (well separated) and repeatable among duplicates were considered in scoring. The error rate was calculated as the share of mismatches in the scoring of AFLP profiles of replicated individuals.
Genetic diversity was quantified as the percentage of polymorphic bands calculated from the analysis. PCoA based on Euclidean distances was used to assess the genetic relationships among individuals. It was calculated and visualized using MVSP software (Kovach Computing Services, Anglesey, Wales, UK). Number of clones was analyzed using R-script AFLPdat (Ehrich 2006; R Development Core Team 2010) . Diversity of clones was estimated by applying a moving mismatch threshold allowed among genotypes.
Cyclotide expression
Plant material and preparation of extracts Viola uliginosa somaclones were cultivated in commercially available soil on a shelf in the laboratory corridor at 20-25°C under a 16 h photoperiod (70-100 lM photons m
) for at least 3 months to standardize environmental factors affecting secondary metabolite production.
Aerial parts of mother plants from the pots and regenerants (similar in size) were harvested and freeze-dried. The dry plant material (30-50 mg) was extracted three times using 4 ml 30 % acetonitrile (ACN) and 0.1 % formic acid (FA) in water for 4-12 h each time (24 h total extraction time). The extracts were diluted with 0.1 % FA in water to a final concentration of 10 % ACN in 0.1 % FA, loaded on SPE columns [ISOLUTE C18(EC), 10 ml, 500 mg], washed with 10 % ACN in 0.1 % FA and eluted with 5 ml 60 % ACN, 0.1 % FA. The cyclotides are thus enriched in the 60 % ACN fraction. That fraction was collected and freeze-dried. Samples were dissolved in 10 % ACN and 0.1 % FA in water using 8 ll mg -1 d.w. starting material for extraction. Finally, 10 ll of each sample solution was diluted with 90 ll 10 % ACN 0.1 % FA in water containing the cyclotide kalata B2 as internal standard (500 lg cyclotide/ml, before dilution).
Identification of peptides as cyclotides
The methods used for cyclotide isolation, HPLC purification, cysteine reduction and alkylation as well as trypsin and/or Glu-C cleavage as criteria for cyclotide identification were as described by Gruber et al. (2008) .
Liquid chromatography/Mass spectrometry (LC/MS)
Samples were analyzed using ultra performance liquid chromatography coupled to quadropole time of flight mass spectrometry (nanoAcquity UPLC/QTof Micro; Waters, Milford, MA). Samples were separated on reverse phase using a gradient of ACN in FA (0-100 % ACN), and cyclotides were detected in the positive ion mode. A nanoLC column [Waters BEH, 75 lM (i.d) 9 150 mm] operated at 0.3 ll/min flow rate was used, combined with nanoelectrospray ionization operated at 4,300 V. Doubly and triply charged cyclotide ions were analyzed, using a mass window of 500-2,000 m/z.
Data analysis
Mass chromatograms were generated using a mass window of 1 Da for the analyzed cyclotides (m/z 3? ions of 1,042, 1,052 and 1,076 respectively), integrated in Waters MassLynx TM software. Integration was performed with noise peak-to-peak amplitude of 2,000, two smooths (mean smoothing method) with ±3 window size, peak detection with peak tailing reduction until the tailing edge is no more than 50 % wider than the leading edge, and baseline rise by no more than 5 % of peak height. Area under the curve (AUC) was obtained as the relative concentration measure. All AUC values were adjusted to the internal standard (adjustment coefficient = AUC int. standard /AUC int. standard in the sample ). Mean AUC ± SD was compared between 2x and 4x plants and the significance of differences between means was tested by one-way ANOVA for independent samples and the t test (p = 0.05).
Results
Micropropagation and acclimatization
Callus tissue and shoot tip formation
After one month of culture on MS ? 2 mg l -1 KIN ? 2 mg l -1 2,4-D callus induction medium, yellowish amorphous callus tissue proliferated on the cut edges of petiole explants and on the cut edges and surface of leaf explants (Fig. 1a) . At 2 months of culture the response rate for both explant types was high, reaching 84.9 % for petiole and 73.4 % for leaf (Table 1) . Callus was composed of parenchymatous cells differing in size and vacuolation, as seen in callus sections (Fig. 1g) . Following transfer to organogenesis induction media (MS ? 1 mg l -1 TDZ), the shoot proliferation response rate was very low for callus derived from both types of explants. Spots of green morphogenic callus tissue (Fig. 1b) developed on only a few explants 3-4 months after transfer. At 6 months after transfer only 6.0 % of the petiole explants and 10.5 % of the leaf explants formed single or multiple shoots (Table 1, Fig. 1c) . Plant Cell Tiss Organ Cult (2015) 120:179-190 183 Fig. 1 Micropropagation, rooting and acclimatization of V. uliginosa. a Nonmorphogenic yellowish callus induced on leaf fragment on MS ? 2 mg l -1 KIN ? 2 mg l -1 2,4-D after 1 month of culture. b Morphogenic green callus produced after transfer of leaf explants with callus from MS ? 2 mg l -1 KIN ? 2 mg l -1 2,4-D to MS ? 1 mg l -1 TDZ, 3 months on MS with TDZ. c Multiple shoots forming on leaf-derived callus 4 months after transfer to MS ? 1 mg l -1 TDZ. d Leaf-derived callus after 3 months of culture on MS ? 1 mg l -1 TDZ. e Shoot tips forming on petiole-derived callus after 3 months of culture on MS ? 1 mg l -1 TDZ. f Shoot forming directly on petiole fragment after 2 weeks of culture on MS ? 0.5 mg l -1 TDZ. g Transverse section of callus tissue proliferating from cut edge of petiole after two weeks of culture on MS ? 2 mg l -1 KIN ? 2 mg l -1 2,4-D. h, i Longitudinal sections of adventitious shoots forming directly on petiole fragment after 2 weeks of culture on MS ? 0.5 mg l -1 TDZ (h) and from callus on leaf fragment after 3 months of culture on MS ? 1 mg l -1 TDZ (i). j Regenerated plantlet rooted on 1/2 MS ? 0.5 mg l -1 IBA. k Regenerated plant in plastic pot with horticultural substrate. l Regenerated plants grown at experimental field in Modlnica. m Regenerated plant developing chasmogamous flowers Both explant types formed green organogenic callus on medium supplemented with 1 mg l -1 TDZ. It formed after 2 weeks of culture, and by 3 months of culture the majority of explants (65.6 % petiole explants vs 86.5 % leaf explants, p \ 0.05) formed shoot tips at the surface (Table 1, Fig. 1d, e) .
Direct organogenesis was obtained only for petiole explants cultured on MS ? 0.5 mg l -1 TDZ. Shoot tips formed after 2 weeks of culture at the cut edges of explants (Fig. 1f) . At 2 months of culture, 44.1 % of the explants formed 1 or 2 shoots (Table 1) .
Direct and indirect organogenesis was confirmed by histological analysis which showed that the shoots developed directly from meristematic centers forming in petiole subepidermal parenchyma on MS ? 0.5 mg l -1 TDZ (Fig. 1h) , and from callus on leaf fragments on MS ? 1 mg l -1 TDZ (Fig. 1i ).
Rooting and acclimatization of micropropagated plants
For rooting we used 88 adventitious shoots developed on leaf and petiole explants. Roots formed after 1-3 months of culture (Fig. 1j) . The rooting response ratio of explants originating from different treatments ranged from 46.2 to 72.2 % ( Table 2 ). Shoots derived from leaf explants tended to form roots more frequently but the difference was not significant (p [ 0.05). Well-developed, hardened plants ( Fig. 1k) were transferred to the experimental field ( Fig. 1l ) in spring. Some of these plants did blossom with chasmogamous and/or semi-cleistogamous flowers in the following months (Fig. 1m) . Overall, 50.4 % of the plantlets survived acclimatization (Table 2) .
Flow cytometry
Endopolyploidy of explant and callus types
All analyzed samples were polysomatic, comprising nuclei with 2C, 4C, 8C and 16C (the latter only in calluses; Table 3 ). The mean C-value and (4C ? 8C ? 16C)/2C were lowest in leaf (2.30 ± 0.02) and highest in brown amorphous callus obtained on medium supplemented with 2 mg l -1 KIN ? 2 mg l -1 2,4 D (3.98 ± 0.15). In leaf, 85.60 % of the nuclei showed 2C DNA content (G 0 /G 1 phase of cell cycle), and the share of endopolyploid nuclei (8C) was 0.22 %. Endoreduplication was higher in petiole (10.68 % 8C nuclei) than in leaf (mean C-values for petiole vs leaf, p \ 0.05, Table 3 ). In all callus types the share of 2C nuclei was lower than in the explant (mean C-value vs leaf, p \ 0.05), and in two of the three types the second endocycle occurred, revealed in the presence of 16C nuclei (Table 3) . Organogenesis induction lowered the mean C-value significantly.
Genome size and ploidy of regenerated plants
The genome size of diploid (2n = 2x = 20) mother plants was 1.37 pg/2C (Table 4 ). To our knowledge this is the first report on genome size in V. uliginosa. Among the regenerants, tetraploid plants (2C = 2.7 pg) occurred in addition to diploids. The share of tetraploids was highest (70.6 %) in plants obtained via indirect organogenesis with a morphogenesis induction step (long culture in initial 
Genetic differentiation of regenerated plants estimated by AFLP markers
Fifty-three samples were analyzed: 51 regenerated plants obtained by micropropagation (27 from the initial screening experiment, 24 from the present experiment) and 2 mother plants. Genetic variability within and between all groups was low, and the samples differed from each other at only a few markers. Overall, only 20 (17.09 %) of the 117 amplified bands were polymorphic.
Four groups were distinguished in PCoA (Fig. 2) . Most of the somaclones formed one large group (C1/N = 33) with maternal plant (ND5). A few other samples formed a very closely related cluster (C3/N = 7), with another maternal plant genotype (ND3). Altogether, 78.4 % of the clones grouped with their maternal plants. Two other groups included the few remaining plants (C2/N = 9 and C4/n = 2), with only the smallest group C4 differing significantly and accounting for a large part of total polymorphism. Only clones from the latter group differed from the others by more than five AFLP markers. Within groups the differences between genotypes (clones) were minor and did not exceed two markers except in C2, the most polymorphic group, where they differed by three markers. All the somaclones in groups C2 and C4 were obtained in the initial screening experiment via indirect organogenesis with a morphogenesis induction step, which consisted consecutive callus passages.
Cyclotide biosynthesis in regenerated plants
Eleven different compounds with molecular weights ranging from 2,876 to 3,273 Da were detected by liquid chromatography/mass spectrometry (LC-MS) in the aerial parts of V. uliginosa mother plants (Online Resource 1). After reduction and alkylation, the differences in mass corresponded to the presence of three disulfide bonds, and Glu-C cleavage resulted in one linear fragment (mass difference corresponding to one H 2 O), fulfilling the criteria described by Gruber et al. (2008) to classify them as cyclotides. Fifteen regenerated plants, including 9 diploids (2x) and 6 tetraploids (4x) were suitable for analysis of relative cyclotide biosynthesis. In the cyclotide part of the mass chromatograms the MS spectra of the somaclones and mother plants were similar; that is, no additional cyclotides were found and no cyclotides were missing. Mean AUC difference analysis for the three most abundant cyclotides favored the 4x plants for all analyzed peaks, with the biggest difference in means for the 3,123 Da cyclotide (significant at p = 0.01) (Fig. 3) . The difference in mean AUC for the 3,225 Da and 3,152 Da cyclotides was not statistically significant due to high standard deviations, as some somaclones showed high cyclotide accumulation independent of ploidy level. The mother plants, at a different development stage and cultivated in different conditions, showed nearly half the AUC of any of the 2x or 4x regenerated plants (Online resource 2).
Discussion
Violaceae have rarely been micropropagated in vitro; it has been done in two Hybanthus species (Bidwell et al. 2001; Prakash et al. 1999) , V. patrinii (Chalageri and Babu 2012) , V. pilosa (Soni and Kaur 2013) and V. wittrockiana (Wang and Bao 2007) . Here we applied in vitro micropropagation to the rare species V. uliginosa. The method was effective, yielding 61 regenerated plantlets. Most of the regenerants were produced by indirect (via callus) organogenesis, as in other studies on in vitro micropropagation of Violaceae (Bidwell et al. 2001; Chalageri and Babu 2012; Prakash et al. 1999; Soni and Kaur 2013; Wang and Bao 2007) . A higher TDZ concentration (1 mg l -1 ) was needed for induction of caulogenesis. Naeem et al. (2013) and Wang and Bao (2007) noted the importance of TDZ for culture of V. odorata and V. wittrockiana, respectively. In our study we showed that a lower concentration of TDZ (0.5 mg l -1 ) can be used to induce direct organogenesis from petiole explants.
The adequate explant types, in terms of availability and efectiveness of callogenesis were selected in the initial screening experiment, namely the petiole and leaf. In the present study nonmorphogenic callus proliferation on MS ? 2 mg l -1 KIN ? 2 mg l -1 2,4-D and morphogenic callus and shoot formation (after addition of 1 mg l -1 TDZ) were more efficient when leaf explant was used, because the whole explant surface was involved. Moreover, leaf contained fewer endopolyploid cells, a potential source Fig. 2 Principal coordinate analysis (PCoA) of 2 maternal and 51 regenerated V. uliginosa plants based on Euclidean distances. C1-C4, groups of somaclones; ND3, ND5, maternal plants Fig. 3 Relative concentration (in terms of AUC) of three main cyclotides (3, 123, 3, 225, 3, 152 Da) in extracts from 4x and 2x regenerated V. uliginosa plants. Bars and values in brackets indicate standard deviation (SD) . N, number of biological replicates of polyploid regenerants. Most of other studies on micropropagation of species from the Violaceae used only petiole (Chalageri and Babu 2012, Wang and Bao 2007) , bud (Soni and Kaur 2013) or seed (Prakash et al. 1999) explants. Only in one case leaf explants were compared with stem (Bidwell et al. 2001) . Comparing the two explant types, our study indicates that leaf fragments are more suitable than petioles for in vitro cultures and in vitro micropropagation of V. uliginosa.
Somaclonal variation induced by culture conditions makes it essential to confirm the genetic uniformity of regenerated plants with the mother plant(s) before reintroduction to natural sites or planting in botanic gardens. In our study, marker polymorphism was generally low: 78.4 % of the clones grouped with their maternal plants and the differences were limited to single markers. Low levels of marker polymorphism have been described also in studies on other Violaceae species, using different molecular fingerprinting techniques-RAPD or ISSR (Chalageri and Babu 2012; Soni and Kaur 2013) . Nevertheless, the genetic uniformity of the regenerated plants with the mother plants, as detected by AFLP analyses, clearly depended on the type of organogenesis. Shoot formation on media with TDZ at both doses (1 and 0.5 mg l -1 ) gave lower marker polymorphism in comparison with long-term culture of nondifferentiated callus and indirect shoot formation. The only two groups of somaclones differing from their mother plants and accounting for a large part of total polymorphism were obtained via long-term indirect organogenesis (somaclones from the initial screening experiment study). This suggests that more direct methods should be preferred for micropropagation purposes, even when the process is less effective.
The genetic stability of regenerated plants as estimated by molecular markers is not equivalent to ploidy (autopolyploidy) level, though. Molecular markers can identify gene polymorphism and are useful for exploring polyploid (mainly allopolyploid) genomes in plants, but identifying autopolyploids (produced via somaclonal variation in culture) by these methods is problematic (Aversano et al. 2012) . The value of flow cytometry technique for somaclone genome size assessment has been demonstrated by a number of authors (e.g., Bairu et al. 2011; Ochatt et al. 2011) . In our study, *24 % of the regenerants from direct and indirect organogensis (on MS media supplemented with TDZ, 2 mg l -1 KIN ? 2 mg l -1 2,4-D transferred to 1 mg l -1 TDZ) represented tetraploid level, regardless of their low genetic variability. The frequency of tetraploid plants dramatically increased (to approx. 70 %) when regeneration was via long-term indirect organogenesis. This was probably a consequence of the higher endopolyploidy (reaching even 16C) of the long-term callus tissue from which adventitious shoots developed. Studies on endoploidy level in dedifferentiated callus support that suggestion (Thiem and Sliwinska 2003) . Taking the abovementioned into consideration it seems that molecular techniques like AFLP may not be sufficient to detect somaclonal variation and assessment of ploidy level of regenerated plants should be a standard procedure before reintroduction, especially in case of indirect organogenesis.
Somaclonal variation limits the usefulness of micropropagation for conservation of rare and/or endangered plants, as it leads to genetic differentiation and changes in the ploidy level of regenerated plants, but it can improve the economic value of some species, especially those producing valuable metabolites (Bouque et al. 1998; Kulkarni et al. 2012) . Cyclotides originate from ribosomal synthesis and are encoded in the nuclear genome (Craik and Conibear 2011) . Therefore, mutations occurring in culture can result in higher production or new structures with new properties. For example, 12 novel cyclotides not present in the wild plant were found in O. affinis suspension culture (Seydel et al. 2007 ). We assessed cyclotide production levels in regenerated V. uliginosa plants showing different ploidy levels, and demonstrated that the quantity of cyclotides produced can be increased. The tendency of tetraploid regenerated V. uliginosa plants to synthesize more cyclotides suggests that applying chemicals such as colchicine to enhance polyploidization in culture can be advantageous. The tetraploid specimens with the highest cyclotide production can be used to establish higher-yielding suspension culture for bioreactors. Older plants with more differentiated tissues showed considerably lower cyclotide biosynthesis. These results indicate that cyclotide synthesis is more dependent on tissue development and genetic factors than on a direct response to stimuli, apparently supporting Mylne et al.'s (2010) assertion that these peptides are part of the plant's innate defense system.
The in vitro system we developed for V. uliginosa opens an opportunity for cyclotide research as their expression can vary substantially in wild and cultivated plants. Apart from offering the prospect of generating the native cyclotides expressed by this rare species in large amounts, our study demonstrated that we can affect expression by the choice of somaclones and induce somaclonal variation by the growth conditions applied. In vitro culture is the standardized and controllable system we believe is needed to unravel the details of cyclotide biosynthesis. In fact, the methods developed in the present experiment were applied to study cyclotide biosynthesis regulation by plant growth regulators and to obtain highly productive suspension cultures (Slazak et al., in manuscript) . Only common model plants (Arabidopsis thaliana, Nicotiana benthamiana, N. tabacum), have been used in functional studies of cyclotide biosynthesis (Gillon et al. 2008; Saska et al. 2007 ). None of them produce cyclotides naturally, so their yield of cyclic products is very low. In vitro cultures and micropropagation presents an attractive system for biotechnology applications (regeneration of transformed forms), or for the production of N15-labeled cyclotides, important for structural or pharmacokinetic studies. The incorporation of N15 into cyclotides has been demonstrated by Mylne and Craik (2008) in hydroponic cultivation of Oldenlandia affinis. Finally we note that violets are the main producers of both bracelet and Möbius cyclotides. With only one exception the difficulties presented by oxidative folding of bracelets have limited research involving chemical synthesis of these cyclotides (Aboye et al. 2008) .
Conclusions
This work developed in vitro protocols for micropropagation of the endangered species V. uliginosa and a system for cyclotide biosynthesis studies in the Violeaceae. Molecular marker polymorphism and flow cytometric analyses indicated that in indirect organogenesis ploidy is the crucial factor to consider before reintroduction. The diploid plants are the ones to be reintroduced, and tetraploids can be used in suspension culture and bioreactors for their higher cyclotide biosynthesis. Indirect organogenesis via callus can be useful for creating large number of cyclotide-producing plants at higher than diploid level. Chemicals that enhance polyploidization, such as colchicine, should be included in further studies aimed at cyclotide production in vitro.
